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Axion-like particles are dark matter candidates motivated by the Peccei-Quinn mechanism and
also occur in effective field theories where their masses and photon couplings are independent. We
estimate the dispersion of circularly polarized photons in a background of oscillating axion-like
particles (ALPs) with the standard gaγ aFµν F˜
µν/4 coupling to photons. This leads to birefringence
or rotation of linear polarization by ALP dark matter. Cosmic microwave background (CMB)
birefringence limits ∆α . (1.0)◦ enable us to constrain the axion-photon coupling gaγ . 10−17 −
10−12 GeV−1, for ultra-light ALP masses ma ∼ 10−27 − 10−24 eV. This improves upon previous
axion-photon coupling limits by up to four orders of magnitude. Future CMB observations could
tighten limits by another one to two orders.
Introduction: Axion-like particles (ALPs) are generally
understood as pseudoscalar fields a with a two-photon
coupling of the form gaγ aFµν F˜
µν/4, among other pos-
sible couplings that are typically less relevant in dilute
media. ALPs are generalizations of axions which were
originally motivated by solving the strong CP problem
through promoting the CP-violating phase θ to a/fa with
fa known as the Peccei-Quinn scale [1–3]. Through its
couplings to gluons and quarks the axion will attain a
mass ma below the QCD scale through which its expec-
tation value is driven to zero. ALPs also arise naturally
in low energy effective field theories of string compactifi-
cations. [4–7].
Apart from the coupling constant gaγ , ALPs are char-
acterized through their vacuum mass ma. In contrast
to axions, ALPs, in general, do not solve the strong CP
problem and gaγ and ma are assumed to be independent
parameters. In addition to the misalignment mechanism
generating ALP cold dark matter [8–12], inflation also
produces ALP field fluctuations of order the inflationary
expansion rate, Hi/(2pi), which gives a contribution ρa ∼
m2aH
2
i /(2pi)
2. For ma & 3 × 103(1016GeV/Hi)H(zrec)
and sufficiently large Hi, it can also lead to the correct
relic dark matter density.
The coupling term can lead to ALP-photon oscillations
in the presence of external electromagnetic fields and also
lead to an effective refractive index for photons propagat-
ing in a background of ALPs. While the former effect has
been investigated extensively in both cosmological, astro-
physical contexts [12–14] and in experiments [15, 16], at
least so far, the latter effect is less well studied. This
refractive effect can be particularly relevant if ALPs con-
stitute a part of dark matter which is what we assume
without specifying the ALP production processes.
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We investigate the birefringent effect of ALP dark mat-
ter on the cosmic microwave background (CMB) which is
well constrained observationally. The linear polarization
of the CMB is sourced by the quadrupole temperature
anisotropy of the radiation field via Thomson scatter-
ing [17]. The curl-free E-mode polarization [18] has been
observed by Planck [19] and several ground-based experi-
ments at higher resolution [20]. Steadily improving upper
limits have also been placed on the gradient-free B-mode
polarization in the quest for the signal of inflationary
tensor perturbations [21]. The birefringence or rotation
of linear polarization arising due to any parity violation
[22–26], in the case of the CMB [27–31], can be probed
via correlations of CMB E and B-modes [30, 32, 33].
In this letter we calculate the overall amplitude of bire-
fringence predicted by an oscillating background of ALP
dark matter and use the observational limits on CMB
birefringence to constrain the axion-photon coupling con-
stant as a function of ALP mass. This leads to signifi-
cantly improved constraints on gaγ in the mass range
10−27 eV . ma . 10−23 eV, overlapping with the mass
range of ultra-light and fuzzy dark matter [34, 35] which
has gained significant attention recently. The prior con-
straints are generally flat in ma for ma . 10−10 eV and at
the level∼ 10−12 GeV−1 [36, 37]. Here, we ignore cluster-
ing of ALP dark matter [12, 38–41] and the anisotropies
in the birefringence [42–46].
Photon Propagation in an ALP background : Using
natural units c = ~ = kB = 1 and Lorentz-Heaviside
units 0 = µ0 = 1, the parts of the Lagrangian depend-
ing on the ALP and photon fields can be written as
Laγ = −1
4
FµνF
µν +
1
2
∂µa∂
µa+
1
4
gaγ aFµν F˜
µν − Va(a) ,
(1)
where Fµν is the electromagnetic field strength tensor,
F˜µν is its dual and Va(a) is the effective ALP potential
which can be expanded as Va(a) =
1
2m
2
aa
2+O(a3) around
a = 0, with ma the effective ALP mass. For the axion-
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2photon coupling, one often uses the relation
gaγ =
sαem
2pifa
, (2)
with s as a model dependent parameter of order unity,
αem the fine structure constant and fa the Peccei-Quinn
scale. For left- and right-circular polarization photon
modes propagating in the z−direction, we make the
Ansatz A±(t, r) = A±(t)e±eikz , where e± ≡ ex±iey are
the unit vectors corresponding to left and right-circular
modes. To zeroth order, photon wave-packets propagate
along trajectories z = t so we can identify time scales
with length scales. Our Ansatz yields the equation of
motion for the photon modes in an ALP background.
We can derive the general dispersion relation
ω ' k ∓ gaγ
2
ma a0, (3)
where a0 is the amplitude of the ALP field which is sup-
posed to vary on time and lengths scales much larger
than 1/k and the inverse photon frequency.
Birefringence phase shift and axion-photon coupling :
For the ALP amplitude a we use the relation for ALP
energy density ρa = (1/2)m
2
a a
2 and ρa(z∗) ' F Ωc (1 +
z∗)3 ρcrit,0. Here, F = Ωa/Ωc is the ALP dark matter en-
ergy density fraction with Ωi = ρi,0/ρcrit,0 the fractional
energy density at the present epoch and z∗ is the redshift
of last scattering. From Eq. (3) we can write the phase
difference between the left and right-circularly polarized
photon modes as
∆φ = ∆ωdt ∼ gaγ∆a (4)
which is the same as, e.g., Eq. (2) in [47] noting that our
gaγ is their 1/fa without the factors in our Eq.(2). We
take ∆a = [a(z∗)− alocal] i.e. the difference of the axion
field values at the surface of last scattering and locally
[6, 22–25, 48] and can thus constrain the absolute value
of gaγ .
In the supplementary material [49] we clarify whether
a random walk behaviour of the birefringence phase an-
gle will occur for photon propagation over multiple ALP
coherence lengths (cf. Refs. [48, 50–53]). Although not
applicable here, we show that a random walk is possible,
in principle, from non-linear terms in the solution to the
modified photon wave equation. These terms are sup-
pressed by a large factor (ma/k) compared to the linear
term producing just the difference in ALP field values,
for the very low ALP masses and CMB frequencies con-
sidered here. We note in passing that a random walk
in angle might also be relevant if there are discontinu-
ities in the ALP field gradient (from domains or cosmic
strings) or if there are multiple ALPs coupled to electro-
magnetism.
We note that ∆φ does not depend on the photon fre-
quency (unlike Faraday rotation) so that observations at
any frequency can be applied. Using the local Galactic
dark matter density ρa, local ' 0.3 GeV cm−3 and cosmo-
logical parameter values from Planck [19], we note that
a(z∗)/alocal ∼ 74 and after subtracting the local ALP
field value, we get
∆a ' 5.22× 1015
(
ma, ref
ma
)
F 1/2
(
Ωc
0.264
)1/2
×
(
ρcrit,0
8.098× 10−47h2 GeV4
)1/2(
1 + z∗
1090
)3/2
GeV,(5)
evaluated at a reference ALP mass ma, ref = 3 × 10−26
eV.
The observed birefringence angle ∆α (the angle of
rotation of linear polarization) is half this phase shift
∆φ between the two components of circular polarization.
Observed and forecast limits on ∆α from CMB observa-
tions are listed in Table I. The rotation of polarization
(as well as its angular power spectrum) can be extracted
via measuring correlations between E and B-modes [32]
which arise when there is parity violation, in our case
sourced by the pseudoscalar ALP field. To derive con-
straints on the axion-photon coupling, we adopt a con-
servative limit ∆α . (1.0)◦, between the current Planck
and SPTpol limits and the ACTpol, BICEP2/Keck Ar-
ray and POLARBEAR limits. We add the absolute value
of the quoted rotation angle and its errors, for each ex-
periment, to estimate the limits on gaγ in Table I.
The birefringence limit leads to an upper limit con-
straint on the axion-photon coupling,
gaγ . 1.60×10−15
(
∆α
1.0◦
)(
ma
ma,ref
)(
10−2
F
)1/2(
0.264
Ωc
)1/2
×
(
0.674
h
)(
1090
1 + zrec
)3/2(
R (ma)
R (ma,ref)
)
GeV−1. (6)
From the limits on F derived from the CMB power spec-
trum [54–56], we adopt conservative values of F as 10−2
transitioning to 10−1 over our mass range 7 × 10−28 −
3 × 10−24 eV. Our constraints on gaγ depend relatively
weakly on ALP dark matter fraction F limits.
The ALP field oscillates in time at a period τosc =
2pi/ma ' (1.31 × 10−27 eV/ ma)(105 yr), over the ex-
tended recombination epoch lasting τrec ∼ 105 yr. As
a result, the birefringence rotation angle sourced by the
ALP field is averaged over its oscillating phase [48]. The
net polarization rotation angle that survives is propor-
tional to the uncancelled fraction of the ALP oscillations
during recombination. This leads to a power-law reduc-
tion of rotation angle, described as a washout effect by
Ref. [48].
3CMB Exp. Frequency (GHz) ` ∆α (degrees) ∆α Reference (gaγ10
15) GeV−1
WMAP7 41,61,94 2-800 −1.1± 1.4 (±1.5) Komatsu et al.(2011) [57] 6.3
BICEP2/Keck 150 30-300 1.0 (±0.2) BICEP2 (2014) [58] 1.9
ACTpol 146 250-3025 0.29± 0.28 (±0.5) Molinari et al. (2016) [59] 1.7
Planck 30-857 (9 ch.) 2-1500 0.31± 0.05 (±0.28) Planck (2016) XLIX [60] 1.0
POLARBEAR 148 500-2700 -0.73 ±0.17 (±0.56) POLARBEAR (2017) [61] 2.3
SPTpol 150 100-2000 0.63 (±0.04) Wu et al. (2019) [62] 1.1
Current status 1.0 Limit adopted for Eq. (6) 1.6
(CMB-S4) 35-250 . 104 0.03 CMB-S4 Science Book (2016) [63] 0.048
(COrE) 135 (60-600) .1400 0.003 Molinari et al. (2016) [59] 4.8 · 10−3
(PICO) 70-156 (21-799) .1400 0.0017 Hanany et al. (2019) [64] 2.7× 10−3
(CV-lim. r=0.1) .3000 10−5 Molinari et al. (2016) [59] 1.6× 10−5
TABLE I. Comparison of observed limits and forecasts on birefringence angle ∆α ± stat. error (± syst. error) from various
CMB experiments (and a cosmic variance-limited case for tensor-to-scalar ratio r=0.1) with their frequency and multipole `
range. We add the absolute values of the quoted rotation angle and its errors, for each experiment, to estimate the corresponding
limits on axion-photon coupling gaγ , derived using Eq. (6), evaluated at ma = ma,ref ' 3× 10−26 eV.
We model this effect as a polarization rotation angle re-
duction factor R (ma) = 1+(τrec/τosc) ' 1+(ma/1.31×
10−27 eV) ' 1.5 − 2000, over our range of very small
ALP masses where τosc can be a bit larger to signifi-
cantly smaller than τrec. Due to R (ma), the coupling
now scales as gaγ ∝ m2a for ma  10−27 eV. However,
even at the high mass end with the largest R (ma), the
weakest portion of birefringence constraints derived for
gaγ , after washout, are still comparable to the tightest
previous constraints ∼ 10−12 GeV−1.
We only consider ALP masses above the temperature-
independent limit for ALP dark matter [65] is ma &
7 × 10−28 eV. We ignore smaller masses as at ma .
H(zrec) ∼ 3× 10−29 eV, the ALP would not oscillate at
recombination, acting as dark energy till H(z < zrec) .
ma.
The multipole ` of the signal is ` ∼ pi/Θ ∼ pidA/lc ∼
pidAmava(zrec) ∼ 2pimava(zrec)/[H0(1+zrec)], where lc is
the ALP coherence length, va the ALP velocity ∼ 10−4
[66] and dA is the angular diameter distance. Therefore,
the highest mass angular scale resolved by a maximum
observed multipole `max ∼ 103 is given by [`maxH0(1 +
zrec)]/[2piva(zrec)] or ma . 2.6 × 10−24 eV. The gaγ vs
ma region excluded over this mass range using Eq. (6) is
depicted by the filled red region in Fig. 1 and its inset.
We note that our upper limit gaγ . 1.6×10−15 GeV−1
atma,ref ∼ 3×10−26 eV is∼ 103 times tighter than previ-
ous limits from a search for oscillations in x-ray spectra of
active galactic nuclei in magnetized clusters (NGC 1275
in the Perseus cluster [36] or M 87 [37]) and even ∼ 102
times stronger than the limit forecast for Athena [67].
However, it must be emphasized that these x-ray spectra
and CMB birefringence limits depend on wholly different
assumptions - the x-ray limits do not assume ALP dark
matter and assume a 25 µG cluster center magnetic field
for Primakoff conversion . The ALP birefringence effect is
independent of any magnetic fields. Our constraints are
also comparable in magnitude to the constraints inferred
from polarized emission from a nearby protoplanetary
disk [51]. We expect that CMB birefringence constraints
could be more robust than other methods involving po-
larized astrophysical sources as they are relatively un-
affected by systematic uncertainties in determining the
source’s intrinsic polarization angle.
Future CMB observations promise to greatly reduce
the r.m.s. uncertainty in the birefringence angle (Ta-
ble I). Controlling polarization-angle calibration system-
atics [68, 69], currently at the level of (0.3)◦, will be cru-
cial [70] to achieving the ∼30 to 500 times tighter ∆α [59]
and gaγ limits that are forecast for the CMB-S4, COrE
and PICO-like experiment.
We also note that rotation of polarized synchrotron
emission from radio galaxies [25, 53, 71] and scattered UV
emission from extragalactic sources [72] can also be used
to constrain the birefringence angle to approximately 1◦.
Such sources have the disadvantages of having to correct
for Faraday rotation, projections effects and differing in-
trinsic polarization properties. However, with a future
SKA 2 survey of ∼ 106 polarized sources, a much im-
proved overall birefringence angle error of 2 × 10−3 de-
gree has been forecast (similar to COrE) for a maximum
multipole `max ∼ 700 [73].
A time variation of the observed polarization signal,
due to oscillations of the local axion field, described by
[48], can put constraints on gaγ at slightly higher ALP
masses [48, 52, 53, 74]. However, for our mass range,
the time variation of the signal is several decades at its
fastest rendering it unimportant.
Discussion and Conclusions: The effective refractive
index for photons propagating in an oscillating ALP dark
matter background results in birefringence or a rotation
in the linear polarization of radiation. The photon dis-
persion relation contains a term oscillating in time with
amplitude proportional to gaγ .
4FIG. 1. Axion-photon coupling constant gaγ as a function of ALP dark matter mass. The CMB birefringence cosmological
constraints on gaγ from Eq. (6) (filled red, labelled g cosmic biref, also expanded in the inset figure) improve substantially on
x-ray bounds from Chandra [36] (filled brown) and forecasts for Athena [67] (blue dashed line). Future CMB observations from
COrE and CMB-S4 (dotted red line) could further improve these gaγ constraints by a factor ∼ 340 or 34, respectively. Other
filled regions (or dashed lines) depict parameter space already excluded (or future forecasts) due to various experiments and
observations [75] (some based on ALP-photon oscillations, independent of ALP dark matter). The vertical black dashed line
(at 7 ×10−28 eV) indicates the temperature-independent limit of ALP dark matter [65]. The yellow filled region is for canonical
temperature-dependent ALP dark matter via the misalignment mechanism [76]. The light red band with unit slope depicts
QCD axion models [77–80] (plot created with the ALPlot code [75]).
The birefringence produced is independent of frequency
and can be utilized to place constraints on the axion-
photon coupling gaγ .
We derived the ALP birefringence angle for CMB po-
larization, taking into account ALP dark matter fraction
F and reduction in rotation from ALP oscillations during
recombination. Setting a current limit on birefringence
angle of (1.0)◦ from CMB observations, we constrain the
axion-photon coupling gaγ . 1.6 × 10−15 GeV−1 at the
reference ALP mass scale ma,ref ∼ 3×10−26 eV. The con-
straint on gaγ scales as m
2
a for ma & ma,ref . At ma,ref
our constraint improves on bounds from Chandra [36, 37]
by ∼ three orders of magnitude and the Athena forecast
[67] by ∼ two orders, although x-ray constraints are in-
dependent of ALP dark matter.
Our constraints also scale as gaγ ∝ Ω−1/2a or F−1/2
and thus depend somewhat weakly on ALP dark matter
fraction F = Ωa/Ωc. Limits have been placed, F . 0.2
for 10−23eV . ma . 10−21eV, from non-observation of
decrease in density fluctuations at small scales via the
Lyman-α forest [81, 82]. Note that Lyman-α limits could
be affected by uncertainty in the temperature evolution
of the inter-galactic medium. The ALP fraction can be
greater, F ∼ 1 for 10−24eV . ma . 10−23eV. The grav-
itational imprint of ALPs in the CMB power spectrum
[54–56] limits F . 0.1 for 10−25eV . ma . 10−24eV and
2− 3 times lower for 10−27eV . ma . 10−25eV. There-
fore, we have used values of F = 10−1, 10−2 for these
mass ranges respectively. Note that not all ALP dark
matter models can be constrained via the CMB [83, 84].
5Recent constraints have also been placed on the dark
matter ALP mass for post-inflationary ALPs via isocur-
vature perturbations [85] and on fuzzy dark matter mass
using ultra faint dwarf galaxies [86].
In spite of the limits on F , CMB birefringence con-
straints on gaγ are found to reach orders of magnitude
tighter than the previous limits [36, 37] and can im-
prove gaγ constraints even for an ALP fraction as low
as F ∼ 10−8.
Cosmological birefringence as a probe of ALPs via their
effective refractive index is also quite complementary to
other axion experiments such as helioscopes, haloscopes
and light-shining-through-wall experiments [16] in the
gaγ −ma parameter space (Fig. 1). Recent proposals to
measure the same ALP birefringence effect on terrestrial
scales with laser interferometers is predicted to be sensi-
tive to the axion-photon coupling at higher ALP masses
around 10−10 − 10−13 eV [87–90].
In the future, CMB experiments like CMB-S4, COrE
and PICO have the potential to constrain the axion-
photon coupling, via the birefringence effect, by an addi-
tional 1− 2 orders of magnitude, respectively.
Note Added: During preparation of this paper for sub-
mission, we note that Reference [51] appeared which de-
velops an analogous idea but in a different context of
protoplanetary disks.
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Supplementary Material
To evaluate the behaviour of the solution to the photon equation of motion, we start with a form similar to Eq. (A4)
of [48], (
∂2
∂t2
−∆
)
~A = ±igaγ
[
(∂za) ∂t ~A− (∂ta) ∂z ~A
]
. (S1)
Let us transform to u− v coordinates: u = z − t and v = z + t ⇒ z = 12 (u+ v); z = 12 (v − u)
⇒ ∂
∂z
=
∂
∂u
+
∂
∂v
;
∂
∂t
= −∂
∂u
+
∂
∂v
; (S2)
⇒ ∂a
∂z
∂A
∂t
− ∂a
∂t
∂A
∂z
=
(
∂a
∂v
+
∂a
∂u
)(
∂A
∂v
− ∂A
∂u
)
−
(
∂a
∂v
− ∂a
∂u
)(
∂A
∂v
+
∂A
∂u
)
= −2∂a
∂v
∂A
∂u
+ 2
∂a
∂u
∂A
∂v
. (S3)
The boundary condition at vmax is ∂A/∂v = 0; we define φa := gaγa/2
⇒ −∂
∂u
∂
∂v
A = ±i
(
∂φa
∂u
∂A
∂v
− ∂φa
∂v
∂A
∂u
)
. (S4)
Now, we make the ansatz A(u, v) = f(u)e±iφ + g(v)e∓iφ
⇒ ∂A
∂u
= ±i∂φ
∂v
f(u)e±iφ + g′e∓iφ ∓ i∂φ
∂v
g(v)e∓iφ, (S5)
⇒ ∂
2A
∂u∂v
= ±i ∂
2φ
∂u∂v
f(u)e±iφ ± i∂φ
∂v
f ′e±iφ ∓ i∂φ
∂u
g′e∓iφ ∓ i ∂
2φ
∂u∂v
g(v)e∓iφ − ∂φ
∂v
∂φ
∂u
A. (S6)
We note that
∂φ
∂u
,
∂φ
∂v
∼ O(ma)φ ; ∂
2φ
∂u∂v
∼ O(m2a)φ ; f ′, g′ ∼ O(k)(f, g). (S7)
Then the R.H.S. of Eq. (S4) is
± i
(
∂φa
∂u
g′e∓iφ − ∂φa
∂v
f ′e±iφ
)
− ∂φa
∂u
∂φ
∂v
fe±iφ +
∂φa
∂u
∂φ
∂v
ge∓iφ +
∂φa
∂v
∂φ
∂u
fe±iφ − ∂φa
∂v
∂φ
∂u
ge∓iφ (S8)
which implies that the non-linear terms do not cancel but are suppressed by (ma/k) relative to the other terms.
If ma  k, then to first order in φ the L.H.S. of Eq. (S4) is
± i∂φa
∂u
g′e∓iφ ∓ i∂φa
∂v
f ′e±iφ, (S9)
to first order in φ, φa one thus has,
∂2φ
∂u∂v
f(u) +
∂φ
∂v
f ′(u) =
∂φa
∂v
f ′(u), (S10)
∂2φ
∂u∂v
g(v) +
∂φ
∂u
g′(v) =
∂φa
∂u
g′(v). (S11)
2For f(u) ∝ eiku one has f ′(u) = ikf(u),
⇒ ∂
2φ
∂u∂v
+ ik
(
∂φ
∂v
− ∂φa
∂v
)
= 0, (S12)
whose general solution is
φ(u, v) = ik
∫ u
φa(u
′, v)eik(u
′−u)du′ + c(v)e−iku. (S13)
Further, because
∂φ
∂u
= ikφa(u, v)− ikφ(u, v), (S14)
⇒ ∂
2φ
∂v∂u
= ik
(
∂φa
∂v
− ∂φ
∂v
)
. (S15)
The boundary conditions, in general, eliminate the homogeneous term ∝ c(v). If φa varies very slowly, it can be
pulled out in front of the integral in Eq. (S13) so that,
φ(u, v) ∼ φa(u, v) (S16)
for the case ma  k. This is equivalent to neglecting second derivatives of the photon phase φ.
We conclude that for CMB birefringence due to ALPs, where gaγ constraints can be improved over the range
10−27 . ma . 10−24 eV, the fact that ma  k implies that non-linear terms are highly suppressed and we can
use φ ∼ gaγa/2 or Eq. (4), ∆φ ∼ gaγ∆a. The ratio (ma/k) ∼ 1 for much larger ALP masses ma ∼ 10−6 eV where
non-linear terms won’t be negligible but then the gaγ constraints will be far too weak to be of interest.
